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0 Method for controlling hydrosllylatlon In a reaction mixture. 

© This invention discloses a method of controlling hydrosilylations in a reaction miicture by controlling the 
solution concentration of oxygen in the reaction mixture, relative to any platinum present In the reaction mixture. 
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One method known in the art for producing organosilicon compounds comprises reacting a silicon 
hydride containing compound with an unsaturated compound in the presence of a catalyst. This reaction is 
commonly referred to as hydrosilylation. Typically the catalyst is platinum metal on a support, a platinum 
compound generally used In an Inert solvent or a platinum complex, however, other catalysts comprising 

6 rhodium or nickel may be used. In U.S. Patent No. 2,823,218 to Speier et al., a method for the production of 
organosilicon compounds by reacting a >Si-H with a compound containing aliphatic carbon atoms linked by 
multiple bonds in the presence of a chloroplatlnic acid is taught. U.S. Patent No. 3,220,972 to Lamoreaux 
teaches a similar process however the catalyst is a reaction product of chloroplatlnic acid. In EP Patent 
Application No. 0337197 to Lewis, the catalyst used is a rhodium colloid and the silicon containing reactant 

10 must have two to three hydrogen atoms bonded to the silicon. 

One of the major problems known in the art with hydrosilylatlons is the deactivation of the catalyst prior 
to the completion of the reaction. One method for reactivation of the catalyst has been to expose the 
reaction mixture to oxygen. For example, U.S. Patent No. 4,578,497 to Onopchenko et al. teaches the use 
of an oxygenated platinum containing catalyst for hydrosilylation with alkylsllanes, R'RxSiHa.x. The ox- 

15 ygenated platinum catalyst is produced by contacting the catalyst with an oxygen-containing gas. In 
particular, the catalyst is contacted with the oxygen-containing gas by bubbling air into the catalyst mixed 
with the olefin and with or without an inert solvent under ambient temperatures prior to the reaction. Another 
technique taught by Onopchenko is to run the hydrosilylation until deactivation occurs, cool to room 
temperature and then bubble an oxygen-containing gas into the mixture. Following the exposure to oxygen 

20 the system is placed under an inert atmosphere and the reaction is again commenced. 

The method taught by Onopchenko has several disadvantages. The introduction of oxygen must always 
be done at room temperature. Therefore the oxygen must be introduced before starting the reaction. 
However, if an insufficient amount of oxygen is added then the catalyst may still deactivate, in other words, 
there is no control over the reaction except to stop and start the reaction. The oxygen can also be 

25 introduced once the catalyst has deactivated and the reactants have been cooled to room temperature. This 
results In inefficient processing and the possibility of a unsafe conditions upon reactivation. Further, 
Onopchenko requires that the reactants be placed under an inert atmosphere after the exposure of oxygen, 
once again leading to the possibility of insufficient oxygen being present to sustain the reaction. Finally, 
Onopchenko does not provide any means for controlling the reaction rate through the use of oxygen, as in 

30 his disclosure, the reaction goes or it does not go. 

Dickers et al., "Organosilicon Chemistry. Part 24 Homogeneous Rhodium-Catalysed Hydrosilylation of 
Alkenes and Alkynes: The Role of Oxygen or Hydroperoxides", J. Chem Soc., Oalton Trans. (1980) (2) 308; 
disclose the use of oxygen to initiate the hydrosilylation of propene, hex-1-ene and hex-1-yne using [RhCI- 
(PPh3)3] as the catalyst. The oxygen is necessary when the reagents have been purified. 

35 Finally, in Harrod, J. F. and Chalk, A. J. "Hydrosilation Catalyzed by Group Vlil Complexes", Org. 
Synth. Met. Carbonyls. (1977) (2) 673-704, at pages 682 and 683, there is disclosed the fact that oxygen is 
a co-catalyst in hydrosilylatlons and that this is known among people who run hydrosilations on a large 
scale where deliberate aeration of the reaction may be required to sustain catalytic activity. Chalk and 
Harrod merely reiterate that oxygen has an impact on hydrosilylation and on page 683, they speculate as to 

40 how it does Impact hydrosilylation, but they never do disclose the key to controlling hydrosilylation. 

Thus, it is an object of this invention to provide a process for controlling hydrosilylation in a reaction 
mixture by controlling the solution concentration of oxygen relative to any platinum in said reaction mixture. 

The instant invention deals with a method of controlling hydrosilylation involving reacting silicon 
hydrides having 1 to 3 hydrogen atoms attached to the silicon with unsaturated compounds to produce 

45 organosilicon compounds. The reaction is catalyzed using a platinum catalyst selected from platinum metal, 
platinum compounds and platinum complexes. Oxygen is introduced during the reaction to control the 
reaction rate, among other things. 

This invention is directed to a method of controlling hydrosilylation in a reaction mixture by controlling 
the solution concentration of oxygen relative to any platinum in said reaction mixture said hydrosilylation 

so comprising 

(A) a silicon hydride selected from silicon hydrides having the general formulae: 
(i) R«SiH4.x, 

55 (ii) RyHuSiCU-y-u, 

(iii) Rz{R'0)4.z.wSiHw and. 
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(iv) R",Si-0-(Si-0) -SjR'' 

J j V J 

R" 



wherein each R is independently selected from the group consisting of substituted and unsubstituted 
alky I groups of 1 to 30 carbon atoms and substituted and unsubstituted aryl groups of 6 to 16 carbon 

10 atoms; each R' is independently selected from alkyi groups of 1 to 6 carbon atoms; R" is independently 
selected from the group consisting of R and the hydrogen atom, with the proviso that at least one R" in 
each molecule is a hydrogen atom; u has a value of 1, 2 or 3 with the proviso that u + yi3; v has a value 
of zero or an integer of 1 or greater; w has a value of 1 to 3; x has the value of 1 to 3; y has a value of 0 
to 2; and z has a value of 0 to 2 with the proviso that w+z^3, with 

75 (B) unsaturated compounds selected from the group consisting of 

(i) substituted or unsubstituted unsaturated organic compounds or mixtures thereof, 

(ii) substituted or unsubstituted unsaturated silicon compounds or mixtures thereof and, 
(lii) mixtures of (i) and (ii); 

in the presence of a catalyst selected from the group consisting of (a) platinum metal on a support, (b) 
20 platinum compounds and (c) platinum complexes. 

The presence of the oxygen during the reaction enhances reaction parameters such as reaction rate 
and selectivity of addition when the solution concentration of oxygen is controlled relative to any platinum in 
the reaction mixture. 

As noted above, the silicon hydrides useful in the instant Invention may be exemplified by compounds 
25 or mixtures of compounds of the formulae: 

(i) RxSiH4.x, 

(ii) RyHuSiCl4.y.u, 

30 

(ill) Rz(R'0)4.z.wSiHw and. 



35 



R" 

(iv) R", Si-O-(Si-O) -SiR", 

J j V J 

R" 



40 The silicon hydrides useful in the instant invention may be specifically exemplified by, but not limited to, 
trimethylsilane, dimethylphenylsilane, dimethylsilane methyldimethoxysilane, triethylsilane, triethoxysilane, 
trichlorosilane, methyldichlorosilane, dimethylchlorosilane, trimethoxysilane, 1,1,1 ,2,3,3,3-heptamethyltrisilox- 
ane, dimethylsiloxane/methylhydrogensiloxane copolymers, methylhydrogencyclic siloxanes and others. 
The silicon hydride is reacted with unsaturated compounds selected from the group consisting of (i) 

46 substituted or unsubstituted unsaturated organic compounds or mixtures thereof, (ii) substituted or unsub- 
stituted unsaturated silicon compounds or mixtures thereof and, (iii) mixtures of (i) and (ii). More specific 
examples of such groups being cycloalkenyl compounds having 4 to 8 carbon atoms, linear alkenyl 
compounds having 2 to 30 carbon atoms, branched alkenyl compounds having 4 to 30 carbon atoms and 
mixtures thereof, and the like. Useful unsaturated compounds include cycloalkenyl compounds such as 

50 cyclobutene, cyclopentene, cyclohexene, cycloheptene and cyclooctene and mixtures thereof. Cyclohexene 
is the preferred olefinically unsaturated cycloalkenyl compound. Other compounds that are useful in this 
invention are unsaturated linear and branched alkyI compounds which include, but are not limited to those 
compounds with terminal unsaturation such as 1-hexene and those compounds with intemal unsaturation 
such as trans-2-hexene. 

55 Other compounds such as olefinically unsaturated functional alkenyl compounds which contain halogen, 
oxygen in the form of acids, anhydrides, alcohols, esters, ethers and nitrogen, may be used in the instant 
invention. 
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The halogenated olefinically unsaturated functional alkenyl compounds which may be used herein may 
t>e exemplified by compounds such as vinyl chloride, allyl bromide, allyl iodide, allylene bromide, tri- and 
tetrachloroethylene, tetrafluoroethylene, chloroprene, vinylidene chloride and dichlorostyrene. 

Suitable oxygen containing olefinically unsaturated functional all<enyl compounds may be exemplified 
s by ethers such as the allyl and vinyl ethers, alcohols such as allyl alcohol (vinyl carbinol), methylvinylcar- 
binol and ethynyldimethylcarbinol, acids such as acrylic, methacrylic, vinyl-acetic, oleic, sorbic, linolenic and 
chaulmoogric and esters such as vinyl acetate, allyl acetate, butenyl acetate, allyl stearate, methylacrylate, 
ethylcrotonate, diallyl succinate and diallyl phthalate. 

Suitable nitrogen containing olefinically unsaturated functional alkenyl compounds may be exemplified 
10 by indigo, indole, acrylonitrile and allyl cyanide. Specifically included within the definition of olefinic 
unsaturated groups are those olefinic unsaturated groups that are substituted by organofunctional moieties 
such as CH2 =CHCH20C(0)C(CH3) = CH2, CH2 =CHCHzNHCH2CH2NH2, 

CH«=CHCH-OCH-CH-CH-, , 
0 

CH2 sCHCHzSH, CHz =CHSi{0(CH2)20CH3}3, 

20 / ^ 

CH2 = CHCH2N(HC1 )HCH2CH2NHCH2^^CH=Cnj, . 



and the like. Unsaturated silicon compounds that are useful in this invention are, for example, (CH2-CH)pSi- 

26 (0R')3.p wherein R' has the same meaning as that set forth above and p has a value of 1 or 2, 
CH2 =CHCH2Si(OR')3 and CH2 =CHCH2Si(CH3KOR')2 and the like. 

The relative amounts of silicon hydride and unsaturated compound employed in the process herein 
have no technical limitations. One unsaturated linkage, for example, ethylene. Is obviously the stoichiometric 
requirement per silicon bonded hydrogen atom, However, there is no absolute necessity for equivalent 

30 amounts of the reactants to be employed and any desired excess of either reactant can be present. In fact, 
an excess of one reactant, typically the unsaturated compound, may often be desirable to force the reaction 
to completion or to make the greatest use of the reactant which is the most expensive or most rare. Thus 
the choice of reactant ratios is mostly a matter of practicality and economics based upon the reactants 
employed. It is prefen-ed to use a reactant ratio ranging from 1:20 to 20:1 in terms of equivalents of Si-H 

36 compound to unsaturated compound, the more usual operating range being in the region of from 1 :2 to 2:1 . 
In some cases, it may be desirable to employ also a solvent for one or twth of the reactants. The 
amount of solvent employed is not critical and can vary without limit except for economic considerations. 
Any solvent can be employed which will dissolve but be inert toward the desired reactants under the 
conditions of the reaction and which will not interfere with the reaction. The solvent should also be selected 

40 so that easy separation of the products after the reaction can be enhanced. 

The platinum catalysts useful in the instant invention may be selected from platinum metal on a 
support, platinum compounds and platinum complexes. The platinum compounds and platinum complexes 
may be exemplified by chloroplatinic acid, chloroplatinic acid hexahydrate, Karstedt's catalyst (Pt #2, R- 
(ViMe2SiOSiViMe2)2), dichlorobis(triphenylphosphine)platinum (II), cis-dichlorobis(acetonitrile)platinum(ll), 

45 dicarbonyldichloroplatinum(ll), platinum chloride, platinum oxide and others. The platinum metal can be 
deposited on a support such as charcoal, alumina, zirconia, among others. Any platinum containing material 
which effects the reaction between the silicon hydride and the unsaturated portion of the unsaturated 
compound is useful in the instant invention. 

Suitable amounts of the platinum containing compounds and the platinum complexes vary within wide 

50 limits. Concentrations on the order of 1 mole of catalyst (providing one mole of platinum) per billion moles 
of unsaturated groups in the unsaturated compound may be useful. Concentrations as high as 1 to 10 
moles of catalyst per thousand moles of unsaturated groups in the unsaturated compound may also be 
employed. Generally, the economics of the reaction dictates the particular level of catalyst employed. 
Preferable concentrations are from 1 mole of platinum per 1 ,000 moles of unsaturated groups to 1 mole of 

55 platinum per 1,000,000 mole of unsaturated groups in the unsaturated compound. Suitable amounts of 
supported platinum include, for example, from about 0.1 to about 10 weight percent, preferably from about 
0.5 to 5 weight percent based upon elemental platinum. 
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A further description of platinum catalysts useful in the instant invention is found In, but not limited to, 
U.S. Patent Nos. 4,578,487, 3,775,452, 3,220,972 and 2,823,218. 

The catalyst may be dissolved In a solvent for ease of handling and to facilitate measuring the minute 
amounts needed. Preferably, the solvent should be inert. Suitable solvents include the various hydrocarbon 
5 solvents such as benzene, toluene, xylene and mineral spirits and polar solvents such as alcohols, various 
glycols and esters. 

The reaction temperature can naiy over an extremely wide range. The optimum temperature depends 
upon the concentration of catalyst present, concentration of oxygen and the nature of the reactants. Best 
results are obtained by initiating the reaction at about 20* to 180 'C. and maintaining the reaction within 
10 reasonable limits of this range. The reaction is typically exothermic and the reaction temperature can be 
maintained by controlling the rate of addition of one of the reactants or applying cooling means to the 
reaction vessel. It is preferred to use an operating temperature such that the reaction is carried out under 
reflux conditions. 

The reaction can be carried out at atmospheric, subatmospheric or superatmospheric pressures. The 
76 choice of conditions is largely a matter of choice based on the nature of the reactants and the equipment 
available. Non-volatile reactants are especially adaptable to being heated at atmospheric pressure. It may 
be preferred under certain conditions to run the reaction at pressures above atmospheric to reduce the 
volatility of the reactants at higher temperatures. 

The amount of time for the reaction to go to completion depends upon the reactants, reaction 
20 temperature, catalyst concentration and oxygen concentration. Determination of when the reaction has gone 
to completion can be accomplished by simple analytical methods such as gas liquid chromatography or by 
infrared spectometry. 

The reaction may be run on a continuous, semi-continuous or batch reactor. A continuous reactor 
comprises a means wherein the reactants are Introduced and products are withdrawn simultaneously. The 

25 continuous reactor may be a tank, a tubular structure, a tower or some other like structure, the overall 
design not being essential. A semi-continuous reactor comprises a means wherein some of the reactants 
are charged at the beginning and the remaining are fed continuously as the reaction progresses. The 
product may optionally t>e simultaneously be withdrawn from the semi-continuous reactor. A batch reactor 
comprises a means wherein all the reactants are added at the beginning and processing Is candied out 

30 according to a predetermined course of reaction during which no reactant Is fed Into or removed from the 
reactor. Typically, a batch reactor will be a tank with or without agitation means. 

In the Instant Invention, the reaction is carried out in the continuous presence of oxygen. The oxygen, 
when added in controlled amounts during the course of the reaction, provides a means for controlling the 
rate of the reaction and for enhancing the selectivity of addition. 

35 The oxygen is added Into the reaction mixture by bubbling it into either one of the reactants or by 
bubbling it into the reaction mixture or providing the oxygen in the head space of the reactor. Subsurface 
addition of oxygen into the reaction mixture on a continuous basis is most prefen'ed since it allows for 
quicker equilibration of its solution concentration. In other words, it is the solution concentration of the 
oxygen relative to the platinum that is important. Contacting the oxygen on the surface of the liquid, such as 

40 by blowing it into the vapor space of the reactor or by purging the reactor system with oxygen, will not be 
as efficient, but in some cases may be the safest manner of providing the needed oxygen. 

The amount of oxygen which must be added will be dependent on the operating conditions, the 
reactants and the amount of catalyst present. It Is prefen-ed to introduce the oxygen combined with an inert 
gas at an oxygen level of from 1 part per million to 90 weight percent, more preferably 1 to 5 weight 

45 percent. The inert gas which the oxygen is combined with may be selected from any inert gas such as 
nitrogen, argon and others. 

The amount of oxygen is important to the rate of the reaction. If too much oxygen is added then the 
reaction may proceed slowly or not at all. Also, the presence of too much oxygen may result in the 
formation of undesirable by-products and oxidation products. Further, the presence of too much oxygen 

50 may create unsafe operating conditions because of explosive conditions that result with certain silicon 
hydrides in the presence of too much oxygen. If too little oxygen is added, then again the rate of the 
reaction will be slow, the reaction may not proceed at all or the catalyst may deactivate before the reaction 
has gone to completion. One skilled in the art will be able to determine the optimum amount of oxygen 
necessary to provide the desired operating conditions and product distribution. 

55 So that those skilled in the art can understand and appreciate the invention taught herein, the following 
examples are presented, it being understood that these examples should not be used to limit the scope of 
this Invention found in the claims attached hereto. 
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EXPERIMENTAL PROCEDURE: EXAMPLES 1-8 

Examples 1-8 were carried out in a 250 mL, three-necked round bottomed flask equipped with a 
thermometer, a thermowatch set at 53 'C, a reflux condenser surmounted with a dry ice condenser 

5 connected to a bubbler, a thermometer adaptor fitted with a 23 cm, long disposable pipet for subsurface 
addition of the reagent gas, a heating mantle and a stirbar. The reagent gas (flowrate range of 5 to 30 
mL/Min.) was passed through a 10" long tube packed with dry Drierite (CaSOt) drying agent before being 
added. The experiments used 150 ± 1 gram of a 1:1 molar premix of cyclohexene and methyldichlorosilane 
wherein 150 grams of premix contained 87.5 grams of methyldichlorosilane and 62.5 grams of cyclohexene 

10 (0.76 moles each). The reaction was catalyzed using either 191 microliters of 10% by weight solution of 
chloroplatlnic acid in Isopropanol or 134 microliters of platinum #2 (a platinum complex with 1,2-divinyl- 
1,1,2,2-tetramethyldlsiloxane, 4.22 weight percent platinum) unless otherwise noted. 

The reactants were combined in the 250 mL flask and sparged with a minimum of 15 minutes of the 
reagent gas. The reactants were heated rapidly to 53*C.. gentle reflux. The starting time of the experiment 

IS was when the solution reached 53 'C. Subsurface addition of the reagent gas continued throughout the 
reaction. 

Reflux conditions were used for most of the examples because of the resulting ease it afforded in 
controlling the solution concentration of oxygen. It was found when monitoring the solution concentration of 
oxygen during the portion of Example 3 which used air as the oxygen source, that at maximum rate the 
20 solution concentration of oxygen was below that achieved by subsurface addition of nitrogen when at room 
temperature. Thus in most of the examples, reflux was used to assist in deoxygenation of the reaction 
mixtures and an oxygen containing gas was then added to restore the level of oxygen needed for oxygen 
enhancement. 

Reaction progress was monitored by removing the gas inlet themnometer adaptor and sampling with a 
25 disposable pipet into a Gas Chromatograph (GO) autosampler vial. Gas chromatographic analysis, within a 
minute of sampling, provided a QC area percent ofproduct which was used directly for all discussions in 

this specification. 

The gas chromatographic analysis was conducted on a Hewlett Packard 5710 gas chromatograph 
equipped with a 20'x 1/8" 10% SE30 on Chromosorb W HP 80/100 mesh column purchased from Supeico 
30 Co. The gas chromatograph was operated isothermally at 160* C. and a thermal conductivity detector was 
used. A Hewlett Packard 3380 recording integrator was used for quantification. 

EXAMPLE 1 

35 Purging a mixture of cyclohexene, methyldichlorosilane and 100 ppm chloroplatlnic acid with argon then 
heating to 53 'C, gentle reflux conditions at atmospheric pressure for 1023 minutes gave only 2% 
conversion to the product, cyclohexylmethyldlchlorosllane. Introduction of air after 1023 minutes gave 
complete conversion to product in 120 minutes. Thus, it was found that a component of air was necessary 
to enhance the desired reaction. 

40 

EXAMPLE 2 

The experiment in Example 1 was repeated, alternating between the subsurface addition of air and 
argon. It is evident that the hydrosilylation rate can be switched on and off by the choice of atmosphere as 
46 shown in Figure 1 wherein is the period during which argon was added to the reaction mixture 

and 

.1 ..|--.|... 

so 

is the period that air was added to the reaction mixture. The three flat regions indicated by 
correspond exactly with the switch to argon. The effect can also be followed visually with the solution being 
a dari( golden color during the active period and clear, light yellow during the active time. Thus, oxygen was 
involved in the catalytic cycle yet no products incorporating oxygen were observed. A similar experiment 
55 conducted with platinum #2 concentrate as the catalyst source led to similar results. Also, the irreversible 
formation of a platinum colloid was not responsible for the yellow color associated with a hydrosilylation, 
since switching between clear and golden (yellow) was done simply by choice of atmosphere. It is theorized 
that the catalyst is responsible for the golden color. 
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EXAMPLE 3 

In this example the effect of solution concentration of oxygen was examined. The hydrosilylation rate 
was determined with the subsurface addition of 2% O2 in N2. For comparison purposes a plot of the area 
5 percent of product versus time is shown in Figure 2, for experiments which used either air or 2% O2 in N2 
wherein is common plant air and is 2% 02/98% N2. There was a vast difference in 

rate showing that there is an optimum oxygen solution concentration necessary for maximum rate. 

EXAMPLE 4 

10 

Since subsurface addition of air greatly enhanced the rate of hydrosilylation, the experiment in Example 
3 was repeated with pure dried oxygen. After 60 minutes, only 6% starting material had been converted to 
product. The solution remained colorless. Switching from the subsurface addition of oxygen to the 
subsurface addition of air allowed the reaction to proceed to completion but at a reduced rate. Repeating 
76 the experiment with 270 minutes of subsurface addition of pure dried oxygen gave an even slower 
hydrosilylation rate once air was introduced, 40% conversion after 24 hours. Several unexpected products 
were formed. The most notable were 10 area% methyltrichlorosilane along with smaller amounts of 
cyclohexyl chloride, several low molecular weight siloxanes and polysilanes. 

20 EXAMPLE 5 

In this example, the catalyst level was decreased to look at the effect of the ratio of oxygen to platinum 
in solution. At 50 ppm chloropiatinic acid, one half the concentration of other experiments and using 
subsurface addition of air as an oxygen enhancer, the rate was slower. After 5 hours at 53 'C, only 43% 
25 conversion had taken place and the solution was starting to turn colorless from the earlier observed golden 
color. Upon further heating, products formed, as observed when pure oxygen was used with 100 ppm 
chloropiatinic acid (see example 4). The hydrosilylation rate also decreased. After 1400 minutes, only 66% 
conversion was ot>served. Thus, the solution concentration ratio of platinum to oxygen is critical for 
maximum hydrosilylation rate. 

30 

EXAMPLE 6 

This experiment was performed to see if oxygen was necessary for hydrosilylation of a 1-alkene. When 
a 1:1 molar ratio solution of methyldichlorosilane and 1-hexene with 100 ppm chloropiatinic acid was 

35 degassed at 0 ' C. by purging with argon and then allowed to warm, hydrosilylation proceeded with sufficient 
vigor that the volatile contents removed ttiemselves from ttie apparatus. This finding was not totally 
unexpected since even with extended argon purging of a methyldichlorosilane and cyclohexene solution, 
using chloropiatinic acid as the catalyst, 2% conversion was observed upon heating to reflux. After reflux 
further deoxygenated the solution, no more hydrosilylation took place even after an extended period of 

40 reflux time. With 1-hexene, which was expected to undergo hydrosilylation at a faster rate than cyclohex- 
ene, however, the initial hydrosilylation rate was vigorous. 

EXAMPLE 7 

45 This experiment compared the rate of reaction when adding air subsurface to that when adding zero air 
subsurface. The purpose was to show unequivocally which of the many components of air was effecting the 
hydrosilylation. Zero air is a blend of pure oxygen and pure nitrogen at the same proportions as air. As 
shown in Rgure 3 wherein is plant air. 



is plant air repeated and Is pure air, there were slight differences in rate but the differences 

were insignificant once one takes into account the inconsistent way in which the reagent gas was introduced 
55 into the solutions (flow rate range 5 to 30 mL/min). Since It was shown that hydrosilylation does not proceed 
at a significant rate when an inert gas such as argon or nitrogen was used, the fact that zero air accelerates 
the rate proves that oxygen is responsible for the rate enhancement. 
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EXAMPLE 8 

The effect of light upon the rate of hydrosilylation was investigated. A European patent application 
0278863 to Takamlzawa et al. suggests that greatly enhanced rates will be achieved. When the experimen- 
tal apparatus, constructed of pyrex glass, was irradiated with a 275 watt Noreico sunlamp placed 2.5 inches 
from the pyrex, no enhancement of rate was observed during the subsurface addition of air which is shown 
in Figure 4 wherein 

is added air, is air added in repeat, is air added repeat and —#—#—#— is air 

and light. The observed slower rate during photolysis can be explained by the light heating the apparatus 
and lowering oxygen solubility. Irradiation of an argon degassed mixture of cyclohexene, methyldich- 
lorosilane and chloroplatinic acid held at 53*C, gave 1.5% product after 994 minutes. This is comparable to 
the 2% conversion observed after 1023 minutes during thermal conditions as set forth in Example 1. 
Turning off the light and introducing air subsurface gave >90% conversion in 100 minutes. Thus, light does 
not enhance the rate of hydrosilylation. 

EXPERIMENTAL PROCEDURE: EXAMPLES 9-14 

Examples 9-11 and 15-17 were carried out in a lOOmL four-necl<ed round bottomed flask equipped with 
a thermometer, a thermowatch set at a point to maintain gentle reflux of the starting materials, reflux 
condenser surmounted by a dry ice condenser connected to a bubbler gas exit, thermometer adaptor fitted 
with a 15 cm long disposable pipet for the subsurface addition of a gas (at 9 mL/min. unless otherwise 
noted), a heating mantle and a magnetic stirring bar at 1 " in length. The reagent gas was passed through a 
8" long tube packed with dry Drierite (CaSO*) drying agent before being introduced Into the reactants. 

A 10% by weight solution of chloroplatinic acid (HzRCIs 6H2O , FW 517.93) in isopropanol (density 
0.785 g/mL) was used as catalyst source. All experiments used the same molar ratio of catalyst as 
discussed above. All reactants and solvents were charged to the flask and heated to gentle reflux before the 
addition of catalyst. The starting time of the experiment was when the catalyst was added. 

Reaction progress was monitored by removing a stopper from the fourth neck of the flask and sampling 
with a disposable pipet into a gas chromatograph autosampler vial. Gas chromatographic analysis, within a 
few seconds after sampling, provided an area percent of product which was used directly for all discussions 
in this specification unless otherwise noted. 

The gas chromatographic analysis was conducted on a Hewlett Packard 5890 gas chromatograph 
equipped with a 15 meter x 0.25 mm ID, Durabond-1 (0.25 micron thickness) column purchased from J&W 
Scientific Co. The gas chromatograph was operated on a program of 38 *C. for 1 min followed by a 
temperature increase of 15* Cymin until a temperature of 300" C. was reached at which point it was held for 
5 minutes. A Hewlett Packard 3390 recording integrator was used for quantification. 

EXAMPLE 9 

In this example, the effect of diluent upon the reaction rale was checked by using hexane as solvent. 
The above procedure and apparatus was used along with 17.5g CHsHSiCt (0.15 mole), 12.5g cyclohexene 
(0.15 mole), 20g hexane (0.23 mole) and 38 uL of chloroplatinic acid/lPA solution. Air was introduced 
subsurface at 9 mL/min. The reaction mixture was heated to 58'C. Comparison was made by running the 
experiment using 35g CHsHSiCb (0.3 mole). 25g cyclohexene (0.3 mole) and 76 uL of chloroplatinic 
acid/lPA solution. The effect of diluent upon reaction rate was small. The area percent of product shown In 
Figure 5 wherein — is hexane diluent and 

Is no diluent, was corrected for the amount of hexane present. 
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EXAMPLE 10 

The importance of balancing the effects of deoxygenating by refluxing and oxygenating by air 
Introduction is exemplified in this example where simply varying the flow rate of the oxygen source (air) 

s drastically altered the rate of reaction. The above procedure and apparatus was used along with 35g 
CH3HSICI2 (0.3 mole), 25g cyclohexene (0.3 mole) and 76 uL of chloroplatlnic acid/lPA solution. Air was 
introduced subsurface at 200 mUmln. The reaction mixture was heated to SO*C. Comparison was made by 
running the experiment using 35g CHaHSiClj (0 3 mole), 25g cyclohexene (0.3 mole) and 76 uL of 
chloroplatlnic acid/lPA solution and air added subsurface at 9 mL/min at 53*C. The effect of the rate of air 

70 addition is shown In Rgure 6 wherein is air added at 200 mL/min and 

75 is air added at 9 mL/min. In the case of air introduced at 200 mL/min, over-oxygenatlon occurred as 
discussed in Example 4 above. 

EXAMPLE 11 

20 The effect on reaction rate of controlling the amount of oxygen introduced Into the reaction mixture is 
further exemplified by the hydrosilylation of cyclohexene by 1 ,1 ,1 ,2,3,3,3-heptamethyltrisiloxane. The above 
procedure and apparatus was used along with 33.8g 1,1,1,2,3,3,3-heptamethyltrisiloxane (0.15 mole), 12.5 g 
cyclohexene (0.15 mole), 20 g hexane and 38 uL of chloroplatlnic acid In isopropanol alcohol solution. Air or 
2% Oxygen in nitrogen was Introduced subsurface at 9 mL/min. The reaction mixture was heated to 82 * C. 

25 The area percent products plotted In Figure 7 wherein is air and 

. .|...| .-1... 

30 Is 2% oxygen in nitrogen, were not con'ected for the amount of hexane present since it was identical in both 
cases. In the case of 2% oxygen, conversion to approximately 30 area percent product occurred, the 
reaction mixture was no longer deoxygenating itself sufficiently via reflux and the reaction rate slowed. In 
the case of air, the reaction rate was slow throughout due to the introduction of too much oxygen. 

36 EXAMPLE 12 

The rate of the hydrosilylation of 1-hexene with methyldlmethoxysllane Is increased by oxygen 
enhancement. The above procedure and apparatus were used with CH3HSI(OCH3)2 (1S.93g. 0.15 mol), 1- 
hexene (12.82g. 0.15 mol) and hexane (20g, 0.23 mol). The flask was purged with nitrogen at 9 mL/min. The 

40 solution was heated to reflux at 63*C. before addition of 38 uL of 10% by weight of H2RCI6-6H20 in IPA 
was injected into the boiling solution via a syringe. As soon as the chloroplatlnic acid had been added, a 
sample was drawn for QC analysis which Indicated that 0.5 area% of CH3(Hexyl)SI(OCH3)2 formed. The 
reaction mixture was periodically analyzed by QC. After 24 hours under nitrogen, GC analysis showed less 
than 5 area % of hydrosilylated product was formed. At this time, air was Introduced into the solution at 9 

45 mL/min. After 16 hrs., GC analysis indicated that hydrosilylation went to completion and no CH3HSi(OCH3)2 
was left over. 

EXAMPLE 13 

50 The rate of the hydrosilylation of 1-hexene with 1,1,1,2,3,3,3-heptamethyltrisiloxane is increased by 
oxygen enhancement. Hydrosilylation of 1-hexene was carried out using an equimolar ratio of 1-hexene/SiH 
In hexane at reflux. The solution was loaded into the flask and heated to reflux with nitrogen added 
subsurface before injecting the chloroplatlnic acid/lPA catalyst solution. Samples were periodically drawn for 
GC analysis to follow the formation of the adduct. Several seconds after the catalyst was added, GC 

56 analysis showed the presence of only a trace amount of product. After three minutes, this amount had 
increased to 10% by area. It was found that in 14 minutes the clear solution had turned to dark brown color 
and the hydrosilylation reaction had gone to completion showing a 49.2 area% result. When the hydrosilyla- 
tion of 1-hexene with 1.1.1,2,3,3,3-heptamethyltrislloxane was performed under same conditions as above 
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but under air, hydrosilylation to completion tool< place exothermically as soon as the chloroplatinic acid was 
injected into the solution of 1,1,1 ,2,3,3,3-heptamethyltrisiloxane/1-hexene/hexane at reflux. The clear color of 
the solution turned to dark brown color and the reaction was complete (51 .9% by area) within seconds. 

EXAMPLE 14 

During the hydrosilylation of an intemal olefin such as trans-2-hexene several adducts are possible. In 
addition to those possible by simple addition of the Si-H across the olefinic bond the products of migration 
of the olefinic double bond followed by addition of Si-H across the migrated bond are possible. Thus, In the 
case where one starts with an intemal double bond, the predominate product is the same as if one had 
started with the terminal olefin. Such is the case with the following examples which use trans-2-hexene as 
starting material. The rate of the hydrosilylation of trans-2-hexene with 1,1,1 ,2,3,3,3-heptamethyltrisiloxane is 
increased by oxygen enhancement. It should be noted that the inventors herein have discovered that they 
can control the relative rates of double bond migration along the carbon backbone rather than the rate of 
hydrosilylation. Thus, the ratio of terminal adduct to intemal adduct is affected by the use of oxygen 
enhancement. Hydrosilylation of trans-2-hexene was carried out using an equimolar ratio of hexene/SiH in 
hexane at reflux. It was found that when the hydrosilylation was conducted with a nitrogen purge, it went to 
completion in 21 hours while the same experiment with an air purge was complete in less than 6 hours. 
When the hydrosilylation was performed in the presence of the nitrogen purge, the hydrosilylated products 
were 69% terminal adduct with 31% internal adduct (mixture of 2- and 3-) but when hydrosilylation was 
performed in the presence of air, under the same conditions, the hydrosilylation formed 88% terminal 
adduct and 12% internal adduct all of which is illustrated in Figure 8 wherein is nitrogen purge, 

internal adduct, 

...| .1 



...I..- 

is air purge, internal adduct, is nitrogen purge, terminal adduct and --|— is air purge, 

temninal adduct. 

EXAMPLE 15 

The rate of the hydrosilylation of trans-2-hexene with triethylsilane is increased by oxygen enhance- 
ment. In experiments using 87 ppm R by weight to the total reactants and introducing either 2% oxygen in 
argon or pure argon, rate enhancements are exemplified in Table I. Reactants were in a 1:1 molar ratio and 
maintained at 65 'C. throughout. The area percent product listed in Table I is a combination of isomers. 

TABLE I 



Reaction of Trans-2-hexene with Triethylsilane 


Atmosphere 


Area Percent Product 




6 hrs. 


24 hrs. 


Argon 


3.1 


9.8 


2% 02/Argon 


4.7 


16.0 



EXAMPLE 16 

The rate of hydrosilylation of trans-2-hexene by triethoxysilane is Increased by oxygen enhancement. In 
experiments using 87 ppm Pt by weight to the total reactants and introducing either 2% oxygen in argon or 
pure argon, rate enhancements are exemplified in the table below. Reactants were in a 1 :1 molar ratio and 
maintained at 65' C. throughout. The area percent product listed in Table II is a combination of isomers. 
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TABLE II 



Reaction of Trans-2-hexene with Trlethoxysilane 


Atmosphere 


Area Percent Product 




7hrs. 


24 hrs. 


Argon 


Trace 


Trace 


2 % 02/Argon 


29.6 


45.4 



EXAMPLE 17 

The rate of hydrosilylation of trans-2-hexene by phenyldimethylsilane is increased by oxygen enhance- 
ment. In experiments using 87 ppm PX by weight to the total reactants and introducing either 2% oxygen in 
argon or pure argon, rate enhancements are exmplified In Table III. Reactants were in a 1:1 molar ratio and 
maintained at 65* C. throughout. The area percent product listed in Table III is a combination of isomers. 

TABLE III 



Reaction of Trans-2 hexene with Phenyldimethylsilane 


Atmosphere 


Area Percent Product @ 24 hrs. 


Argon 

2% 02/Argon 


0.4 
6.4 



EXAMPLE 18 

The rate of the hydrosilylation of 1 -hexene with triethylsilane Is increased by oxygen enhancement. 
Hydrosilylation of 1 -hexene was carried out using an equimolar ratio of 1-hexene/SiH in hexane at reflux. 
The solution was loaded into the flask and heated to reflux before injecting the chloroplatinic acid/lPA 
catalyst solution. Samples were periodically drawn for GC analysis to follow the formation of the adduct. 
When a nitrogen purge was used, hydrosilylation took place slowly with less than 12 area percent of adduct 
formed in 24 hr. But when an air purge was used, hydrosilylation went to near completion in 26 hr. forming 
25 area% adduct. In addition, with air purge, 5 area percent of EtsSiOSIEts formed. No EbSIOSiEts formed 
when the hydrosilylation was performed using nitrogen. 

EXAMPLE 19 

The use of high percentage oxygen containing gases such as air to oxygenate certain sllanes can be 
hazardous. The hazards can be avoided by the use of low percentage oxygen containing gases such as 2% 
oxygen in nitrogen. However, as pointed out in example 2, hydrosilylation of cyclohexene by methyldich- 
lorosilane, using 2% oxygen in nitrogen at atmospheric pressure drastically reduced the rate as compared 
to using air as an oxygen source. This can be compensated for by increasing temperature and optimizing 
2% oxygen in nitrogen pressure to obtain the correct amount of oxygen in solution for maximum rate. The 
hydrosilylation rate at 53*C. and atmospheric pressure was compared to the rate at 110' C. and 80 psig. 
The rate data is shown in Rgure 9 wherein is 2% 02, 0 psig and 53 'C. and — •— •— is 2% O2, 

80 psig and 110' C, respectively. The elevated temperature experiment was carried out in a stirred Parr 
reactor with subsurface addition of 2% oxygen in nitrogen at 1 cm^/sec to 400 grams of 1:1 molar ratio 
mixture of cyclohexene and methyldichlorosilane containing 100 ppm chloroplatinic acid. It is obvious from 
the data that 2% oxygen in nitrogen pressure provided the correct concentration of oxygen in solution to 
give the optimum performance of the platinum catalyst. 
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EXAMPLE 20 

The rate of hydrosilylation of 1 ,5-hexadiene by trichlorosilane was increased by oxygen enhancement. A 
500 mL three-necked flask was equipped with a thermometer, magnetic stirrer bar, a pressure equalizing 

5 addition funnel connected to a gas source, a heating mantle and 19" water cooled condenser connected to 
a bubbler as a gas exit. To the flask was added 124 g of 1,5-hexadiene (1.51 mol) and 5 g of 1% platimum 
on carbon. No heat was applied to the flask until after the hydrosilylation had gone to completion as 
determined by GC analysis. The addition of 75.3 g of trichlorosilane (0.555 mol) to the 1 ,5-hexadiene was 
completed over a 60 minute period with stirring. During the addition the temperature increased to 50 *C. 

10 when the hydrosilylation was carried out under air. GC analysis immediately after the addition was 
completed showed that the hydrosilylation had gone to completion as indicated by the complete absence of 
trichlorosilane. Excess 1 ,5 hexadiene was removed followed by the product, 5-hexenyltrichlorosilane having 
a boiling point of 56 " C. at 2 to 3 Torr, 114.7 g and 95% yield, by distillation. 

The experiment was repeated exactly as descritted above with the exception that the addition of 

75 trichlorosilane to 1 ,5-hexadlene was conducted under nitrogen. During the trichlorosilane addition, the 
temperature increased to 35 * C. After the 60 minute addition period, the reaction mixture was allowed to stir 
for an additional 150 minutes before a sample was withdrawn for GC analysis. GC analysis indicated the 
hydrosilylation had not gone to completion since 30% of the trichlorosilane remained unreacted. At this time 
the nitrogen head space purge was switched to air. Within two minutes after the system was switched to air 

20 the temperature rose to 50* C. GC analysis of the reaction mixture indicated the hydrosilylation had gone to 
completion as shown by the complete absence of trichlorosilane. Excess 1,5 hexadiene was removed 
followed by the product, 5-hexenyltrichlorosilane which had a boiling point of 56'C. at 2-3 Torr, 114.7 g, 
95% yield, ot}tained by distillation. 

25 EXAMPLE 21 

The rate of hydorsilylation of 1-hexene by trimethoxysilane was increased by oxygen enhancement. A 
50 mL three-necked flask was equipped with a septum, condenser, magnetic stirring bar and a heating 
mantle. The top of the condenser was fitted with a tee allowing the reaction mixture to be kept under the 

30 gas of choice. The flask was loaded with 12.2 g of trimethoxysilane (0.0998 mole), 8.39 g of 1-hexene 
(0.0998 mole) and 5.3 mg of chloroplatinic acid hexahydrate (1 x 1 mol). The contents of the flask were 
heated to 50 'C. under argon. Reaction progress was followed by GC analysis of aliquots withdrawn from 
the mixture. After 180 minutes, the hydrosilylation had gone to 30% completion. After 300 minutes, the 
hydrosilylation was still only 30% complete. The rate was restored by placing the flask under an air 

35 atmosphere. The rate data is shown in Figure 10 wherein at point P, air was introduced to the reaction. 

Claims 

1. A method of controlling hydrosilylation in a reaction mixture by controlling the solution concentration of 
40 oxygen relative to any platinum in said reaction mixture said hydrosilylation comprising 
(A) a silicon hydride selected from silicon hydrides 
having the general formulae: 

(i) RxSiH4o^ 

46 

(ii) RyHuSiCl4.y.u' 

(iii) Rz(R'0)4.z.wSiHw and. 



(iv) R"3Si-0-(Si-0)^-SiR" 



wherein each R is independently selected from the group consisting of substituted and unsubstituted 
alky I groups of 1 to 30 carbon atoms and substituted and unsubstituted aryl groups of 6 to 16 
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carbon atoms; each R' is independently selected from alkyi groups of 1 to 6 carbon atoms: R" is 
independently selected from the group consisting of R and the hydrogen atom, with the proviso that 
at least one R" in each molecule is a hydrogen atom; u has a value of 1 , 2 or 3 with the proviso that 
u+yi3; V has a value of zero or an integer of 1 or greater; w has a value of 1 to 3; x has the value 
of 1 to 3; y has a value of 0 to 2; and z has a value of 0 to 2 with the proviso that w + zS3, with 
(B) unsaturated compounds selected from the group consisting of 

(i) substituted or unsubstituted unsaturated organic compounds or mixtures thereof, 

(ii) substituted or unsubstituted unsaturated silicon compounds or mixtures thereof and, 

(Hi) mixtures of (i) and (ii); in the presence of a catalyst selected from the group consisting of 

(a) platinum metal on a support, 

(b) platinum compounds and, 

(c) platinum complexes. 

A method as claimed in claim 1 wherein there is also present a solvent. 
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